Introduction
A loss of response to the ambient daylength (photorefractoriness) at certain times during the annual breeding cycle is a critical feature of the adaptive strategy of many seasonally breeding photoperiodic species. In many long-day breeders (e.g. starling, house sparrow, house finch, mallard, Japanese quail), photorefractoriness terminates the breeding season when the daylength is still long. This prevents the emergence of offspring at a time when the rearing of young could not be completed before the hardships of winter set in (Farner & Follett, 1979 by photorefractoriness is not restricted to long-day breeding species. In the short-day breeding sheep, for example, the transition from the breeding to anoestrous season is also associated with a loss of response to the stimulatory effects of the natural ambient daylength, in this case the short days of mid-winter (Lincoln, 1980; Worthy & Haresign, 1983; Robinson & Karsch, 1984) . Photorefractoriness can be evoked experimentally by prolonged exposure to a fixed photoperiod. Under controlled photoperiodic conditions, reproductive activity in the ewe can be induced by a single-step switch from a long day to an unchanging shorter daylength, but eventually refractoriness to that stimulatory signal develops and reproductive activity ceases (Karsch et al, 1986) . The duration of the reproductive season under these artificial conditions, however, is considerably shorter than that in the natural photoperiod (2-3 compared to 5-6 months in our experimental conditions; Karsch et al, 1986; Malpaux et al, 1987) . The purpose of the present study was If refractoriness to a given stimulatory daylength could be overcome by a shorter photoperiod, then the progressively decreasing autumnal photoperiod could serve to extend the breeding season, relative to that in a constant inductive daylength, by continuously providing a more stimulatory photoperiod. This has been suggested from studies in certain species of birds (duck: Assenmacher & Tixier-Vidal, 1962 ; quail: Robinson & Follett, 1982) . As an initial evaluation of such a role for decreasing autumnal daylength, we have tested the hypothesis that the development of refractoriness to a stimulatory short daylength can be delayed by exposure to a shorter photoperiod.
Materials and Methods

Animals and treatments
The study was performed with 16 sexually mature ewes which were purebred Suffolk or predominantly of the Suffolk breed. All ewes were 21 months of age at the start of the study; they had been maintained in light-sealed rooms under artificial photoperiod at the Sheep Research Facility in Ann Arbor, Michigan (latitude 42°1 8'N) since 7 weeks of age. Ewes were fed hay daily and had free access to mineral licks and water. Daylength was regulated by an electronic timer that operated fluorescent bulbs providing approximately 350 lux lateral to the sheep's head. A dim red light producing less than 3 lux remained on continuously to facilitate night-time collection of blood for assay of melatonin.
The ewes were ovariectomized, and each was implanted s.c. with a Silastic capsule containing 30 mm of packed oestradiol-17ß 14 months before the study began (Karsch et al, 1973) . The capsules were replaced at the beginning of the study and are known to produce serum oestradiol concentrations of 3-5 pg/ml (Legan et al, 1977; Legan & Karsch, 1980 (Legan et al, 1977; Legan & Karsch, 1980) . The changes in gonadotrophin secretion in such ewes are photoperiodically mediated and they reflect a change in steroid negative feedback which constitutes a primary neuro¬ endocrine mechanism for seasonal changes in ovarian cyclicity in ewes with intact ovaries (Legan & Karsch, 1979 , 1980 
Blood sampling and assays
Blood samples (3-5 ml) were obtained by jugular venepuncture; serum was obtained and stored as described by Karsch & Foster (1975 (1977) . Sensitivity (2 standard deviations from buffer control was 0-23 ± 003 ng/ml (mean + s.e.m., 8 assays) of NIH-LH-S12 for 200 µ . Intra-assay coefficient of variation (CV) for 3 serum pools determined 6 times in each assay averaged 5-3% (8 assays); interassay CV for these serum pools averaged 6-7%. FSH was assayed in duplicate 50-200 µ samples of serum using the radioimmunoassay of L'Hermite et al (1972) modified as described by Goodman et al (1981) . Sensitivity was 405 + 0-47 ng/ml (5 assays) of NIH-FSH-S8 for 200 µ . Intra-assay CV for 3 serum pools, determined 6 times in each assay, averaged 8-0% (5 assays); interassay CV for these serum pools averaged 7-7%. Blood samples for assay of melatonin were obtained every 2 h for 24 h starting at 09:00 h EST, with 1-h samples being taken from 0-5 h before to 2-5 h after lights off and from 2-5 h before to 0-5 h after lights on. Melatonin was assayed in duplicate 200 µ samples of serum using the radioimmunoassay of English et al (1986) modified as described by Malpaux et al (1987) . The procedure was further modified in that quenching of radioactivity was prevented by incubating the supernatant, obtained after charcoal separation, with 100 µ hydrogen peroxide (7-5% for at least 12 h). This eliminated the need for quench correction. Sensitivity was 15-7 + 31 pg/ml (6 assays). Intra-assay CV for 2 serum pools determined 6 times in each assay averaged 10-7% (6 assays); interassay CV for these serum pools averaged 8-1%.
Analysis of data
In this study, it was necessary to identify the times of change between four stages of the LH and FSH response. The four stages consist of baseline, rise, plateau and decline (followed by baseline, etc.). Since time series analysis and cosinor analysis do not identify the times of change, an algorithm was developed in this laboratory and applied to the results from each ewe individually. The algorithm consists of two steps.
Step Step 2. Each time point was used as the centre of windows of consecutive points for which the above statistics were recomputed. The windows were of various lengths and contained 5, 7 and 9 points for this analysis. For each time point, the minimum s.d. (for the 3 possible windows), the minimum r2 (that nearest zero), the maximum s.d., the maximum slopes (both positive and negative) and the maximum r2 were evaluated.
The four stages were identified in the following manner: for baseline or plateau, minimum r2 was less than its lowest quartile and/or minimum s.d. was less than the median; for rise (decline), maximum r2 was greater than the upper quartile and slope was positive (negative), and/or maximum (minimum) slope was greater than the upper (less than lower) quartile, and/or the maximum s.d. was greater than its median and the slope associated with the maximal r2 was positive (negative).
Since criteria for more than one stage can be fulfilled simultaneously, the time point was assigned to the stage of the previous time point if it also fulfilled the criteria for that stage. It was also assumed that the usual sequence is baseline, rise, plateau, decline, baseline, etc. Therefore, when a change in stage was necessary, the time point was assigned to the nearest stage that follows in the usual sequence (i.e. baseline follows a decline and plateau follows a rise). The one exception to the above rules was that if the step selected was baseline or plateau, then the average of the hormone, m, was examined; if it was below its lower quartile, baseline was assigned, and if above the upper quartile, plateau was assigned to the time point.
This algorithm is not a test for the existence of rises, but rather a uniform method of identifying the rises for series which can differ in their average signal strength (height) and variability. Since windows for adjacent time points overlap, statistical tests for the correlations and slopes would be inappropriate. Rises and declines are identified by a sufficiently high correlation between the concentration of the hormone and the time. However, since high correlations can occur because of a change in a single endpoint, the variability of the signal was also examined. Low variability indicates a stable signal, i.e. baseline or plateau. The width of the windows determines the sensitivity of the algorithm to noise (peaks consisting of one or two points). If the range in the width of the windows is large, then it is more likely to find a low r2 for one of the windows in the neighbourhood of the noisy peak and therefore not classify the noise as a rise followed by a decline.
The statistical analysis for differences between treatment groups was applied to the times of onset of the different stages (rise, plateau, decline, baseline) and to the lengths of the individual stages. The Mann-Whitney two-sample rank test was used for that purpose.
Results
Response to stimulatory daylengths
Concentrations of serum LH and FSH throughout the experimental period followed the same general pattern in all 3 groups (Fig. 2a for LH, Fig. 2b for FSH) . Specifically, circulating concen¬ trations of both gonadotrophins remained low (LH <0-5 ng/ml, FSH < 50 ng/ml) for 55-60 days after the initial reduction in daylength and then rose dramatically to maximum values around Days 70-80. Finally, concentrations of both gonadotrophins declined in all groups back to or near the baseline seen before the reduction in daylength on Day 0, a manifestation of short-day refractoriness. However, the timing of this decline differed among treatments. In ewes exposed to the two-step drop in photoperiod (Group 2: 16->12->8L), the fall in LH and FSH was delayed relative to that in either control group exposed to just one reduction in daylength.
This difference in timing is illustrated further in Fig. 3 which summarizes LH responses among individual animals in all 3 groups (the same patterns were observed for FSH, data not shown). Ewes in Group 3 which experienced an 8-h reduction in photoperiod on Day 0 displayed an LH rise slightly later (P < 0-05) than did ewes in one of the two groups exposed to the 4-h decrease at this time (Group 2); this difference was not observed in the other group exposed to the 4-h reduction (Group 1 compared to Group 3, N.S.). There was no significant difference in the day of onset of the LH plateau among the 3 groups. No significant difference was found between the 2 control groups (Groups 1 and 3) in the time LH started to fall and the time it returned to baseline. In contrast, LH started to fall and returned to baseline later in ewes in Group 2 receiving the 2-step drop in daylength (P < 001 compared to both control groups).
The duration of each of the stages of the LH elevation is shown in Fig. 4 among groups. Importantly, the duration of the plateau stage (period of maximal stimulation) was approximately twice as long in Group 2 as in Groups 1 and 3 (P < 001). The total length of the LH rise was 99 + 9 days in Group 2 ewes. This is still shorter (P < 001) than the LH elevation in oestradiol-treated ovariectomized ewes kept in natural photoperiod where the LH elevation lasted 181 + 21days(N = 5)duringthebreedingseasonofl984-1985whentheexperimentwasperformed. The mean LH and FSH concentrations reached at the time ofmaximal stimulation (plateau stage) were lower (P < 005) in ewes in Group 1, which remained in 12LT2D than in those in Groups 2 and 3 which experienced the shorter daylength of 8L:16D (Fig. 4) .
Melatonin
The 24-h patterns of serum melatonin concentrations in Group 2 on Days 50, 59 and 122 are shown in Fig. 5 (shift from 12LT2D to 8L:16D on Day 55). Without exception, on all 3 days, circulating concentrations of melatonin were high during darkness and low during the light phase. Therefore, the change in photoperiod on Day 55 caused approximately a 4-h increase in the length of the nocturnal secretion of melatonin; this increase was rapid and had occurred by Day 59, 4 days after the daylength reduction.
Discussion
The time course of circulating LH and FSH observed in the present study leads to the conclusion that the development of refractoriness to an inductive photoperiod can be delayed by exposure to a shorter daylength. Specifically, the prolonged elevations in LH and FSH in ewes receiving the twostep drop in daylength compared to controls maintained in 12LT2D indicate that the second photoperiodic drop delayed the development of photorefractoriness. Further, the longer gonado¬ trophin elevations observed in the experimental group compared to the other group of controls maintained in 8L:16D indicates that this prolongation was a consequence of the two-step decrease rather than the final daylength experienced.
Our observations are also consistent with the finding that the natural breeding season can be prolonged by providing further photoperiodic stimulation shortly before the onset of anoestrus. Fraser & Laing (1969) observed a delay in the cessation of breeding when ewes were moved from the natural photoperiod to a shorter daylength late in the breeding season, a finding which we have confirmed (unpublished). Along similar lines, Nett & Niswender (1982) reported that daily after¬ noon injections of melatonin beginning in mid-winter, mimicking a daylength shorter than the ambient one, could prolong the breeding season of the ewe. Breeding activity can also be restored in ewes that are already refractory to a stimulatory photoperiod by transfer to a shorter daylength (T. J. Nicholls, G. L. Jackson & B. K. Follett, unpublished). Collectively, results utilizing several different approaches lead to the conclusion that the timing of short-day refractoriness in the ewe is not absolute; rather it depends upon the specific photoperiodic history.
The pineal gland transduces photoperiodic information to the reproductive neuroendocrine axis of the ewe via the circadian rhythm of melatonin secretion (Bittman et al, 1983a, b) . The pattern of circulating melatonin in ewes receiving the two-step photoperiodic reduction therefore becomes of considerable interest. The 24-h profiles of circulating melatonin in these ewes provide evidence that the delay of photorefractoriness may have resulted from an alteration in the patterned secretion of melatonin. Specifically, the reduction in daylength from 12LT2D to 8L:16D caused an increase in the duration of nocturnal melatonin secretion; in both photoperiods, melatonin concen¬ trations were elevated throughout the night. Earlier studies in the ewe demonstrate that refractoriness to an inductive photoperiod is due to a loss of response to a fixed melatonin pattern rather than a change in the pattern ofmelatonin secretion (Karsch etal, 1986; Malpaux etal, 1987 Another interesting observation in this study is that the timing of the decline in LH and FSH was similar in the two control groups receiving the single-step reductions in daylength (16-»12L and 16->8L) . This complements previous findings in oestradiol-treated ovariectomized ewes in which the period of elevated LH was found to be of the same duration following a single-step photoperiodic shift from 16L:8D to 13-5LT0-5D, 10LT4D or 8LT6D (J. E. Robinson & F. J. Karsch, unpublished) . The timing of photoneuroendocrine refractoriness in our studies does not therefore appear to be a function of the final daylength, at least for the 4 different photoperiodic reductions we have tested. The only difference we noted in the two control groups of the present study was a reduced magnitude of the LH and FSH rises in ewes exposed to the smaller decrease in photoperiod (i.e. 16-»12L), a finding also observed in earlier studies and probably a result of a weaker photostimulation (Robinson et al, 1985; . Our observations on the relationship between timing of refractoriness and length of the day identify a major difference between the sheep and those species of birds in which the timing of photorefractoriness has been studied. In the starling, for example, more stimulatory photoperiods appear to induce refractoriness more rapidly than less stimulatory ones (Dawson & Goldsmith, 1983) .
Finally, our current findings may be particularly relevant with regard to photoperiodic regulation of the duration of the breeding season of the ovary-intact ewe exposed to natural environmental conditions. The two-step reduction in daylength prolonged the duration of maximal reproductive stimulation, identified as a lengthening of the plateau stage of the LH and FSH response profiles. As suggested for the ram by Lindsay et al (1984) , a decreasing daylength may provide a more potent inductive signal than an abrupt decrease followed by a constant photoperiod. This, in turn, leads to the hypothesis that the decreasing autumnal daylength (and increasing duration ofnocturnal secretion of melatonin) is utilized to delay the development of refractoriness and thus maintain a breeding season of normal duration. This also raises the possibility that the development of short-day refractoriness around the winter solstice may, in part, be a consequence of the fact that daylength is no longer decreasing. Experiments to test these hypotheses are in progress.
